INTRODUCTION
Large-amplitude, collective atomic motions in proteins play a crucial role in many functional processes, including the entry of substrates into catalytic sites (1), allosteric conformational change (2) , and enzymatic reactions (3) . These motions have been extensively investigated using molecular dynamics (MD) simulations (4, 5) . However, the corresponding quantitative experimental characterization of their amplitudes, forms, and time dependences remains challenging.
Complete, atomic-detail information on collective internal protein motions requires the simultaneous direct determination of time and space correlations in the interatomic displacements. Generally speaking, diffraction techniques provide no information on time correlations, whereas techniques deriving motional spectra lack the spatial component (6) . However, in principle, both can be derived from inelastic coherent neutron scattering (7) . Although inelastic coherent neutron scattering has been widely applied to characterize collective atomic motions in soft matter systems, including small-molecule liquids (8) , polymers (9) , and glasses (10) , its application to protein dynamics has been rare (7, 11, 12) .
Recently, neutron spin echo (NSE) spectroscopy has been used to measure inelastic coherent neutron-scattering signals from protein motions (11, 12) . Although this technique has been shown to successfully detect collective internal protein motion in aqueous solution, the global rotation and translation of the macromolecule dominate the neutron signal measured and render the quantitative characterization of the protein internal dynamics difficult (11, 13) . To overcome this problem, we performed high-flux backscattering experiments on perdeuterated protein powders, where the global motion of the protein molecules is shown to contribute negligibly to the neutron signals measured. The experiments reveal that inphase collective dynamic modes, that is, protein residues that move synchronously in time with similar amplitudes, extend through several nanometers across the protein molecule on a time scale of~1 00 ps, and the findings are consistent with corresponding MD simulations. Moreover, it is found that the wave vector dependence of the fluctuation rate of interatomic motion measured experimentally can be used to derive the most probable forms of the large-scale protein motions at atomic resolution while also furnishing the explicit amplitudes of the motions sampled on the resolution time of the instrument. Hence, coherent neutron-scattering signals can be used to characterize large-scale functional modes in a protein.
RESULTS

Neutron scattering
The model protein studied is cytochrome P450cam (CYP101). P450s are an important enzyme family that catalyzes a variety of biochemical reactions involved in carcinogenesis, drug metabolism, lipid and steroid biosynthesis, and degradation of pollutants in higher organisms (14) . CYP101 from Pseudomonas putida has long served as a model system for studying the dynamic characteristics of substrate binding in P450s (15) . Here, neutron-scattering experiments were conducted on both camphor-bound CYP101 and its perdeuterated counterpart using the high-flux backscattering spectrometer (HFBS) at the National Institute of Standards and Technology (NIST). For simplicity, these two samples are referred to as H-CYP101 and D-CYP101. Details of the experimental conditions and MD protocols are provided in Materials and Methods. The experimentally measured quantity is the dynamic structure factor (eqs. S4 and S5), S(q,DE), which is the time Fourier transform of the intermediate scattering function (eqs. S1 and S2), I(q,t), and furnishes the distribution of the dynamic modes in the sample over frequency at a given scattering wave vector, q. Typical spectra of S(q,DE) measured at 285 K for D-CYP101 and H-CYP101 are presented in Fig. 1 (A and B) . S(q,DE) contains incoherent and coherent components: S inc (q,DE) and S coh (q,DE). S inc (q,DE) characterizes self-correlations in atomic motions, whereas S coh (q,DE) probes mostly cross-correlations, that is, interatomic fluctuations. As we performed neutron-scattering experiments on both D-CYP101 and H-CYP101, the contributions of coherent and incoherent scattering to the neutron signals measured on these two samples can be explicitly separated; the procedures followed are presented in the Supplementary Materials.
A system undergoing in-phase collective motions, that is, constituting units moving synchronously in time with similar amplitudes, will exhibit S coh (q, DE) º I(q)S inc (q, DE), whereas conversely S coh (q, DE) º S inc (q,DE) is found if the motion is completely random and uncorrelated (7, 9, 16) . Here, I(q) is the overall static structure factor, characterizing the atomic structure of the system (eq. S3). Figure 1C presents g(q), the ratio between the integral of S coh (q,DE) in the energy window from 5 to 10 meV, which corresponds to~100 to 200 ps, and the corresponding integral for S inc (q,DE) at 285 K. As seen in Fig. 1C , the q dependence of g(q) resembles that of I(q).
To verify the above result, all-atom MD simulation was performed on CYP101 in the same conditions as the experiment, and the same analysis as above was performed using the MD-derived scattering functions (Fig. 1D) . Again, the MD-derived g(q) resembles the q dependence of I(q). Hence, as shown by both experiment and simulation ( ) than at high q. This arises from the fact that large-scale collective modes spanning a large portion of the protein molecule dominate the low-q neutron signal, whereas local modes, which are less correlated, smear the behavior at high q (13).
Earlier inelastic coherent neutron-scattering work on glasses, fully deuterated green fluorescent protein, and polymers using time-of-flight neutron spectroscopy demonstrated the collective, in-phase nature of vibrational modes on subpicosecond time scales in these systems (7, 9, 10) . The present study reveals that the relaxation processes in protein molecules on much longer time scales, that is, 100 to 200 ps, can also be collective, in-phase and can span nanometer length scales.
To quantitatively characterize the spatial and temporal features of the interatomic motion in CYP101, the decay of the coherent intermediate scattering function at instrument resolution was derived as z coh q;Dt ð Þ¼À ln I coh ðq;DtÞ=IðqÞ
The experimental z coh (q,Dt) was calculated using the intensity of the elastic peak of the coherent dynamic structure factor, S coh (q,Dt), which is derived from the elastic intensity measured on both D-CYP101 and H-CYP101 (see eq. S8 and Fig. 2 , A and B) at 285 K. The simulation-derived z coh (q,Dt) was estimated using the coherent intermediate scattering function, I coh (q,Dt), computed directly from the MD trajectories, and Dt is the instrument resolution~1 ns. z coh (q,Dt) thus defined furnishes a quantitative measure of how much the intermediate scattering function decays at Dt and has the dimensions of a diffusion coefficient. z coh (q,Dt) characterizes Fig. 3 . Interprotein structure factor and its correction to obtain single-protein dynamics. (A) Experimental interprotein structure factor, S(q) = I(q)/F(q). To obtain S(q) on an absolute scale, I(q) was multiplied by a constant to match the values of F(q) at q > 1 Å −1 (inset), because the interprotein scattering at high q is much smaller than at low q (32). the fluctuation rate of the interatomic motion at a given distance (~2p/q) on the experimental time scale and thus contains the characteristic spatiotemporal information on the prevalent collective dynamic modes in the protein (17) . Experimentally, z coh (q,Dt) exhibits a prominent peak at~0.7 Å −1 (~9 Å) (Fig. 2C) . The corresponding MD-derived z coh (q,Dt) qualitatively resembles the experiment, with a peak at~0.8 Å −1 and a minimum at~1.3 Å −1
( Fig. 2D) , indicating that the interatomic motion reaches maximum and minimum fluctuation rates at corresponding distances (~8 and 5 Å) (17) . When comparing z coh (q,Dt) (Fig. 2, C and D) with I(q) (Fig. 1, C  and D) , it can be seen that the maxima in z coh (q,Dt) occurs roughly at the minima in I(q). This observation can be explained by the theory of "de Gennes narrowing" such that the system concerned exhibits the fastest fluctuations at the least-favored configurations (17) (18) (19) .
A close examination of Fig. 2 (C and D) shows that z coh_exp (q,Dt) differs quantitatively from z coh_MD (q,Dt). This is largely due to the experimental data having been collected on protein powders, which involve interprotein scattering, whereas the simulation-derived values are averages over the results calculated from each of the eight protein molecules in the simulation box. The interprotein scattering effect can be evaluated using the interprotein structure factor, S(q), defined as the ratio between the overall static scattering intensity I(q) measured on the powder sample and the form factor F(q) of a single protein molecule (Fig. 3A) (11, 18) . As seen in Fig. 3B , after correction for S(q), the simulation-derived z coh (q,Dt) agrees quantitatively with the experimental values. This correction procedure is further supported by the MD results presented in Fig. 3C . Moreover, unlike the earlier NSE experiments performed on protein solutions, where the neutron signals measured are dominated by the global rotation and translation of the biomacromolecules (11, 13) , rendering the quantitative characterization of the protein internal dynamics difficult, we used powder samples here, where the dynamic neutron signals come almost entirely from protein internal motions (see Fig. 3D ).
Normal mode analysis
To determine the forms of the large-scale collective in-phase protein motions probed experimentally, we performed a normal mode analysis using a commonly used elastic network model (20) , which assumes that all protein residues move synchronously along the eigenvectors of the normal modes. Because low-frequency normal modes are those most likely to be global, only the 10 lowest-frequency normal modes are considered. z coh (q,Dt) derived individually from the first three lowest-frequency normal modes is presented in Fig. 4A . The q dependence of z coh (q,Dt) differs significantly for these modes, especially in the low-q region, <1 Å −1
. To determine the normal mode that matches best the experimental z coh (q,Dt), a dimensionless scoring function is defined as below where < x 2 (Dt) > NM is the mean-squared atomic displacement of mode a (eq. S10), quantitatively characterizing the amplitude of the mode, and serves as a q-independent fitting parameter adjusted to minimize f a . S(q) is the experimental interprotein structure factor (Fig. 3A) , and z a coh norm ðq;DtÞ is the decay of the coherent intermediate scattering function resulting from mode a when its amplitude is normalized, that is, < x 2 (Dt) > NM = 1 Å 2 ( Fig. 4A and eq. S11). The so-obtained f a characterizes how far the dynamic form of mode a differs from that measured experimentally. The results (Fig. 4B ) identify mode 1 as best matching the experiment. A schematic picture of mode 1 is presented in Fig. 5A , showing a relative rotational motion of three domains in the protein.
z coh (q,Dt) derived from mode 1 with the minimized value of f a is shown in Fig. 4C , and this explains the experimental results well. The minimization of f a is achieved when the amplitude of the normal mode < x 2 (Dt) > NM = 0.41 Å 2 (Eq. 2). This value is only slightly smaller than that of the average mean-squared atomic displacement, 0.57 Å 2 , estimated experimentally from the q dependence of the intensity of the elastic peak in the incoherent dynamic structure factor, S inc (q,Dt) (see fig. S4 ). The small difference is consistent with the fact that the coherent scattering is primarily sensitive to correlated interatomic motions, whereas the mean-squared atomic displacement estimated from S inc (q,Dt) includes both correlated and uncorrelated dynamics.
The catalytic site of CYP101 is deeply buried, and the substrate enters the site via a channel (Fig. 5) , the entrance of which is formed by the B′ helix and the F/G loop (Fig. 5A) 
Unlike Eq. 2, Eq. 3 does not contain potential contamination from the interprotein structure factor, S(q), because the MD-derived result is just an average over the values calculated from the individual protein molecules in the MD box. f a thus obtained for different normal modes is presented in Fig. 6A . Again, mode 1 matches best the MD results, with the amplitude of the mode at < x 2 > NM = 0.44 Å 2 (see Fig. 6B ). This amplitude leads to the fluctuation of the gate for the substrate access channel again being~0.5 Å, in good agreement with the value of 0.4 Å calculated directly from the MD trajectory, quantitatively validating our method. 
DISCUSSION
The opening and closing of the substrate access channel in CYP101 (Fig. 5 ) regulate the access of the substrate into the catalytic site (21) and are thus crucial for the protein function. To quantify the relevance of the dynamical pathway in each normal mode for the opening and closing of the channel, we calculated the overlap parameter, O a , between the direction vector of a given normal mode, a, and that for the conformational change between the open, substrate-free and the closed, substrate-bound forms of CYP101. O a is a dot product defined as
where
a is the displacement of atom i in normal mode a and Dr i is the displacement of that atom from the open, substrate-free structure [Protein Data Bank (PDB): 3L62] to the closed, substrate-bound form (PDB: 3L63) of CYP101 (21) . O a for mode 1 is about one order of magnitude larger than that for other modes (Fig. 4D) . Therefore, mode 1, identified through the coherent neutron-scattering experiment in the present work, is also the mode most likely to determine the opening and closing of the substrate access channel in CYP101.
Figure 5B schematically illustrates the opening-closing process of the substrate access channel via mode 1 viewed from a cross section of the protein molecule. The present work demonstrates that a complete characterization of large-scale functional protein dynamics, that is, atomic-detail information on the forms, time scales, and amplitudes of modes, can be obtained from backscattering spectroscopic experiments that measure the inelastic coherent neutron-scattering signal from a perdeuterated protein powder.
We found that collective, in-phase dynamic modes, that is, residues moving synchronously in time with similar amplitudes, span several nanometer length scales across the P450 molecule on a~100-ps time scale. Moreover, the q dependence of the decay of the coherent intermediate scattering function obtained experimentally and from simulation is shown to be able to determine the most probable pathway for the collective motion in the protein molecule at atomic resolution and, furthermore, to derive the explicit amplitude of the motion on the instrumentally accessible time scale. Both the experimental and simulation results presented here indicate that CYP101 uses a specific collective mode in which three domains rotate against each other to create access to the catalytic site for the substrate, a mechanism crucial for the functionality of the enzyme. The experimental method developed here for the quantitative characterization of functional modes is generally applicable to protein systems.
MATERIALS AND METHODS
Backscattering
Dynamic neutron-scattering experiments were performed on camphorbound CYP101 (H-CYP101) and its perdeuterated counterpart (D-CYP101) using the NG2 HFBS at the NIST Center for Neutron Research. To suppress the contributions of water and of global rotational and translational motion of the protein molecule to the scattering signal, lyophilized powder samples were used (22) (23) (24) . The dynamic neutron signal thus obtained arose almost entirely from protein internal motions (Fig. 3D) . However, the collective motion observed in the present work may exhibit a dependence on the hydration level of the protein, and this deserves further experimental exploration. Details of the sample preparation can be found in the study of Miao et al. (25) . The quasi-elastic dynamic structure factor, S(q,DE), was measured at 285 K. Higher temperatures than this can lead the protein to denature over the lengthy experimental time (~2 days). Typical experimental spectra are presented in Fig. 1 (A and B) .
In addition to quasi-elastic scattering, the intensity of the elastic peak in the dynamic structure factor, S(q,Dt), at an instrumental resolution of HFBS ∼ 0.8 meV, which corresponds to Dt~1 ns, was also measured over the q range of 0.35 to 1.75 Å −1 in the temperature window from 4 to 298 K. The temperature dependence of S(q,Dt) at three different q values, normalized by the values at 4 K, is presented in Fig. 2 (A and B, for H-CYP101 and D-CYP101, respectively) .
Neutron spin echo
The overall static structure factor I(q) (Fig. 1C) was measured on fully deuterated CYP101 powder using an NSE spectrometer at the NIST Center for Neutron Research (Gaithersburg, MD). A standard annular sample can was used in which the sample was loaded into a thin aluminum pouch under helium to avoid any water intake. The wavelength of the incoming neutron beam was set to 5 Å with a Dl/l~0.2. With this setup, measurements were made over the q range of 0.20 to 1.70 Å . To obtain good statistics, each point at any given q was measured for about 5 min. Background measurements were made in an empty annular sample can and were subtracted.
Simulations
All-atom MD simulations of camphor-bound CYP101 were carried out using NAMD22 (26) with the 3L63 crystal structure [1.5 Å resolution (21) ]. The simulation box contained eight proteins, obtained by replicating the unit cell (four proteins) along the Z direction, and 943 water molecules, corresponding to the experimental hydration level, 0.05 g of protein per gram of water. MD simulation at this low hydration level is often used to mimic the neutron-scattering experiments performed on dry protein powders (23, 24) . Seventy-two K + ions were added to neutralize the system. The CHARM22 force field (27) was used for the protein, and TIP3P (28) was used for water molecules. The particle mesh Ewald method (29) was applied for the electrostatics with a real space cutoff of 12 Å and a Fourier grid spacing of 1 Å. The systems were energy-minimized with 2000 steepest-descent steps. Constant pressure and temperature (NPT) equilibration using velocity-rescaling temperature (30) and Parrinello-Rahman pressure coupling (31) was carried out for 200 ns at T = 285 K and P = 1 atm with coupling time constants of t = 0.1 ps and t = 0.4 ps, respectively. The last 100 ns were used for the analysis, and the coordinates were written out every 1 ps. More details are presented in the Supplementary Materials of Miao et al. (25) . The coherent neutron-scattering profiles were calculated using the same MD trajectories used for deriving the incoherent scattering results but by replacing the scattering length of hydrogen atoms by that of deuterium atoms to mimic the experimental conditions. All atoms in the protein were taken into account to derive both the coherent and incoherent scattering profiles. The incoherent signal derived from H-CYP101 was dominated by the signal of hydrogen atoms (>95%), whereas the coherent signal derived from D-CYP101 arose about equally from deuterium atoms and from other elements (carbon, nitrogen, and oxygen). fig. S4 . q 2 dependence of the intensity of the elastic peak in the incoherent dynamic structure factor, S inc (q,∆t) (eq. S9), at 285 K. References (33) (34) (35) (36) 
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